Abstract In vitro cell culture models used to study epithelia and epithelial diseases would benefit from the recognition that organs and tissues function in a three-dimensional (3D) environment. This context is necessary for the development of cultures that more realistically resemble in vivo tissues/organs. Our aim was to establish and characterize biologically meaningful 3D models of epithelium. We engineered 3D epithelia cultures using a kidney epithelia cell line (MDCK) and spherical polymer scaffolds. These kidney epithelia were characterized by live microscopy, immunohistochemistry and transmission electron microscopy. Strikingly, the epithelial cells displayed increased physiological relevance; they were extensively polarized and developed a more differentiated phenotype. Using such a growth system allows for direct transmission and fluorescence imaging with few restrictions using wide-field, confocal and Light Sheet Fluorescence Microscopy. We also assessed the wider relevance of this 3D culturing technique with several epithelial cell lines. Finally, we established that these 3D micro-tissues can be used for infection as well as biochemical assays and to study important cellular processes such as epithelial mesenchymal transmission. This new biomimetic model could provide a broadly applicable 3D culture system to study epithelia and epithelia related disorders.
Introduction
Epithelial tissue constitutes the largest tissue group in humans and its study can reveal much about the body Petra H. Jakob, Jessica Kehrer and Peter Flood have contributed equally to this work.
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The online version of this article (doi:10.1007/s10616-015-9935-0) contains supplementary material, which is available to authorized users. and its related disorders. The most frequently used in vitro model of epithelia is the two-dimensional (2D) monolayer. 2D cell culture is usually defined as the practice of growing mammalian cells on flat plastic surfaces such as petri dishes (Abbott 2003) . 2D cultures of epithelial cells have been implemented for several decades to evaluate the nature of these cells (Nauli et al. 2003) , their associated pathological conditions (Förster 2008; Tanos and RodriguezBoulan 2008) and host pathogen relationships (Robbins et al. 1999) . While this system has provided important insights into the biology of epithelial cells, it is not without restrictions. 2D epithelial monolayers lack complex physiological relevance, with many of the morphological and functional characteristics inherent to the cell's in vivo differentiated state lost; such as cell polarization, tissue specific protein secretion and a well-developed microvilli brush border (Page et al. 2012) . Epithelial cells cultured in a three-dimensional (3D) microenvironment can partially regain their in vivo phenotype and thus provide more predictive and accurate data (Asthana and Kisaalita 2012) . 3D cell culture attempts to simulate in vivo conditions by providing cells with additional microenvironment factors. 3D systems generally utilize at least one of the following factors: biomaterials with complex chemical and biochemical characteristics (e.g. Collagen), a substrate with physiologically relevant stiffness and porosity, a 3D geometry where cells interact with each other and the substrate in all three dimensions (Griffith and Swartz 2006) . There are many 3D epithelial cell culture techniques currently available; however, issues associated with these techniques make them unsuitable for use as routine tissue culture models and for imaging assays.
One of the first steps towards the third dimension in cell culture was the development of permeable membrane filter supports (Misfeldt et al. 1976; Cereijido et al. 1978) . Cells that are grown on such supports exhibit characteristic features of polarized epithelial cells seen in vivo (Vega-Salas et al. 1987; von Bonsdorff et al. 1985) . However, imaging of this type of support is difficult as the translucent membrane filter generates high levels of light scattering and needs to be dissected, breaking the epithelial barrier prior to observation. Alternative techniques utilize the epithelial cell's ability to form polarized cysts when encapsulated in extracellular matrix materials (O'Brien et al. 2002) and to form aggregates known as spheroids under specific conditions (Messner et al. 2013) . However, cysts are closed structures with an internalized lumen that do not allow access to the apical membrane for manipulation (infection, transfection and microinjection), and spheroids are disorganized cell aggregates that lack the structure necessary to mimic healthy in vivo tissue (Vörsmann et al. 2013) .
In 1967, van Wezel described the use of small particles (0.2 mm) known as microcarriers, for the growth of anchorage-dependent cells (van Wezel 1967) . Microcarriers are small spheres, either porous or non-porous, with diameters in the range of 100-500 lm, made of several biocompatible materials (Kadouri 1994) . Microcarriers have been used with epithelial cells mainly for vaccine production (Sun et al. 2004 ). However, a limited number of studies pointed out their relevant use in infection research (Carterson et al. 2005) , viral glycoprotein transport (Mayer et al. 1996) , patch-clamp experiments (Poronnik et al. 1988 ) and biochemical assays (Mayer et al. 1996) . With these studies in mind, we chose to comprehensively investigate whether microcarriers are an efficient 3D epithelial tissue model suitable for microscopic analysis and assays.
In this paper we describe a static cell culture system for microcarriers that avoids microcarrier aggregation and produces single epithelial organoids. It uses commercially available Cytodex 3 to establish micro-tissues using multiple epithelial cell types (lung, liver, Kidney and colon) and is quick, easy and affordable. We illustrate that our model is compatible with most major imaging modalities, including transmission, live time lapse, confocal, light sheet and electron microscopy. Using these techniques we observed that MDCK microcarriers have a highly polarized morphology with distinct basolateral/apical domains, a dense microvilli network at the apical membrane and well developed cellular junctions. These features suggest that the MDCK microcarriers are functional. Finally, we established that this model allows the investigation of epithelial processes and diseases such as Epithelial Mesenchymal Transmission (EMT), membrane trafficking and infections (demonstrated using the obligate intracellular parasite Toxoplasma gondii).
Materials and methods

Cell lines
MDCK-I (NBL-2, CCL-34), A549 and Caco-2 cell stocks were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). MDCK-II (ECACC, Porton Down, Salisbury, U.K., #62107) was a kind gift from Dr. Carsten Schultz. HepG2 and Huh7 were a kind gift from Dr Markus Meißner. Stock cultures of cells were grown in Modified Eagle's Medium (MEM) (A549 cells were grown in Ham's F-12 K medium) with 10 % (v/v) Fetal Calf Serum (FCS) (Caco-2 cells with 20 % FCS), penicillin-streptomycin (100 U/ml and 100 lg/ml, respectively) and 2 mM glutamine at 37°C and 5 % CO 2 . Cells were sub-cultured twice per week following standard trypsinization protocols.
Primary antibodies and reagents
All materials were supplied by Sigma-Aldrich Corporation (St. Louis, MO, USA) unless otherwise stated. GM130 (BD Biosciences, Oxford, UK), Sarg1, Hoechst 33342 (stock 1 lg/ml), Phalloidin-Alexa488 (Molecular Probes, Loughborough, Leicestershire, UK) and Concanavalin A (stock 1 mg/ml).
Cell culture on microcarriers Cytodex 3 beads (GE Healthcare, Uppsala, Sweden) were rehydrated and stored in Phosphate Buffered Saline (PBS) with 10 % penicillin/streptomycin. 80 % Confluent MDCK-II cells were detached with 0.5 % trypsin and 2 mM EDTA. For cell culture on Cytodex 3 microcarriers, approximately 10 swollen Cytodex 3 beads/cm 2 were seeded with 1 9 10 3 cells/cm 2 , resulting in a ratio of 100 cells per bead, only 5-10 cells attached to the bead and expanded. Microcarrier culture was conducted using appropriate medium in 24-well plates coated with a repellent layer (Gelrite TM ). The Cytodex 3 beads were confluent 4 days after seeding and unattached cells were removed by filtering through a 70 or 100 lm cell strainer (BD Biosciences, Erembodegem, Belgium). The remaining beads were transferred into a coated well with fresh medium, and the beads were left to differentiate for up to 6 weeks. Once established the epithelial Cytodex 3 culture did not require the use of trypsin to pass the cells. Simple addition of new Cytodex 3 led to cell transfer from established Cytodex 3 to the newly added microcarriers. This can improve culture by limiting cell passage trauma due to regular trypsinization.
Immunofluorescence staining and fluorescence imaging Cells were rinsed twice with pre-warmed PBS and then fixed for 10 min with 3 % paraformaldehyde, washed with 0.1 M PBS/glycin and permeabilized with 0.1 % PBS/Triton for 20 min. After extensive washing with PBS, cells were blocked for 30 min with 10 % PBS/ FCS and then incubated in primary antibody GM130 (1:400) at room temperature for 30 min. After washing, cells were incubated with Cy3 labeled goat antimouse secondary antibody (1:200) for 30 min at room temperature and then washed. Cells were then incubated for 30 min in Phalloidin Alexa-488 (1:40) or (1:10) for 15 min, and subsequently with Hoechst 33342 (1:1000) for 5 min. Samples were kept in PBS after washing and observed with a Leica SP5 confocal microscope or on our custom built Light Sheet Fluorescence Microscope (LSFM). Images were analyzed using ImageJ and FIJI.
Sample preparation for LSFM
The sample was embedded in a cylinder of a 0.5-2 % (w/v) type VII low melting agarose gel. A glass capillary with an inner diameter of 1.1 mm (or a syringe with an inner diameter of 4.7 mm) held the agarose gel rod. The sample was inserted from above into a PBS filled chamber on the custom built LSFM. The capillary or syringe could be translated along three axes and rotated around its center.
Sample preparation for transmission electron microscopy
The Epithelial Cytodex were fixed with 2.5 % glutaraldehyde in Cacodylade (CaCo) buffer. Samples were washed with CaCo buffer, and kept cold on ice during incubation with 2 % OsO 4 in CaCo buffer for 40 min. The sample was rinsed with water, before uranyl acetate (0.5 % in water, 30 min) was added to increase the contrast. The fixed epithelial Cytodex were embedded in Epon and left to polymerize at 60°C (2-2.5 days). After polymerization, samples were trimmed only around the epithelial Cytodex of interest. Ultra-thin (50-60 nm) sections were made [on average 58 ± 21 (SD), serial sections covered the complete epithelial Cytodex and was transferred to copperpalladium slot grids (2_1 mm, Plano, Wetzlar, Germany) freshly coated with Formvar. The sections were post stained with uranyl acetate and lead citrate. Images were taken using a BioTwin CM120 electron microscope (FEI Company, Eindhoven, Netherlands).
EMT Cytodex motility assay
Confluent MDCK-II Cytodex 3 beads were transferred into an 8 well Labtek dish (Nunc, Schwerte, Germany) and cultivated for 2-3 days under standard conditions. After *24 h (or at specific time points) the beads attached and cells started to grow on the bottom surface of the dish. Time lapse experiments were performed on a Delta Vision Microscope (209, frame rate: 1/20 min). Images were analyzed using ImageJ and FIJI.
Toxoplasma infection assay 100 cells per well (384 well plate) were seeded the day before infection and *10 confluent beads were transferred into another well. For Infection 1 X 10 5 GFPToxoplasma/per well were added and incubated overnight. After washing the cells with PBS, they were fixed with 3 % paraformaldehyde/0.06 % glutaraldehyde in PBS, washed once with PBS and blocked with 3 % Bovine Serum Albumin/PBS. To stain parasites remaining on the cell surface an anti-Sarg1 antibody (mouse) was used (1:400) and incubated for 1 h at room temperature followed by several washing steps with PBS and further incubation with an Alexa-596 anti-mouse secondary antibody for 1 h. Cells were washed with PBS and nuclei were stained with Hoechst 33342 (1:1000) for 5 min. After a final washing step with PBS cells were covered with 40 ll PBS and stored at 4°C. Cells grown as a monolayer were imaged on an Axiovert200 Microscope (409) and cells on Cytodex 3 beads were embedded in 1.5 % agarose/PBS and imaged using LSFM (409).
Results
Growth of MDCK kidney epithelial cells on polymer scaffolds
We tested several microcarrier types for their ability to grow an epithelial polarized monolayer ( Fig. S1 and Supplementary Material). Cytodex 3 was found to be the optimal choice (porous Sephadex beads coated with denatured collagen, 175-300 microns in diameter). They allow quick and stable monolayer establishment (with cells adhering better on the cross-linked collagen layer) and are compatible with most microscopic techniques.
MDCK kidney epithelia cells were cultivated statically on the beads in 24-well plates. In normal tissue culture dishes, cells preferentially grow on the bottom of the dish then spread on the beads (Fig. 1a and d) . In order to increase the numbers of cells on the microcarriers, we coated the bottom of the dish with a number of repellent layers (PLL-PEG, agarose, agarose-EDTA or Gelrite TM ). Gelrite TM was found to be the most efficient coating due to its effectiveness at promoting cellular adherence on the microcarriers (Fig. 1b and e) , ease of use and relatively low cost (see Supplementary Material). Finally, as already observed during microcarrier based cell growth in microgravity conditions, beads tend to aggregate and can form up to cm size aggregates that cannot be easily manipulated. Under our conditions, beads also formed aggregates as they clustered in the center of the dish. We developed a simple damping system made out of a rubber pad that can be placed under the cell culture dish to reduce the vibrations inherent to cell culture incubators. Our final set-up produces single beads covered by a cell monolayer (Fig. 1c, f and Electronic Supplementary Material, Movie S1 and Movie S2). This technical improvement allows growth of microcarriers without spinner flasks or shaking incubators, thus limiting cell trauma. We tested several epithelial cell lines for their ability to grow on microcarriers and observed that all of them could generate single epithelial beads: HepG2 (hepatocellular carcinoma), Caco-2 (colon carcinoma), A549 (lung epithelial cell line) as well as Huh7 (hepatoma cells) ( Fig. S2 and Supplementary Materials).
Epithelial microcarriers display a highly developed reversed polarity Epithelia cells in tissues are characterized by a polarized phenotype towards the free apical surface where epithelium functions occur: secretion, absorption and excretion, as well as infection from parasites or bacteria. In order to prove that static epithelial microcarriers can be used to engineer epithelia, we performed immunofluorescence and electron microscopy to investigate their polarity. Cells grown on Cytodex 3 beads displayed a polarized phenotype and had a columnar morphology (Fig. 2a) . They had a reversed polarity to that of in vivo epithelial tissue, the apical membrane of the cells facing the medium environment as opposed to forming an internalized lumen facing the bead. The Golgi apparatus as well as the centrosome was found on the apical side (Fig. 2b,  c) . The presence of microvilli and cell junctions on the apical side ensure the tightness of the epithelia and the control of permeability (Fig. 2c, d ). We performed confocal microscopy analysis of cell polarity using the Golgi apparatus and the actin network as markers (Fig. 2e-g ). As shown on a single optical slice, the Golgi apparatus was localized above the nucleus towards the apical side and just below the largest part of the actin network that supported the microvilli (Fig. 2f, g ). To confirm the functionality of the polarized epithelia, we performed a transport assay using a thermo-sensitive adenovirus GFP tagged VSVG from the vesicular stomatitis virus (Presley et al. 1997 ). VSVG can be followed along the secretory pathway and has been reported to traffic through the Golgi apparatus to the basolateral and lateral membranes of MDCK cells (Farr et al. 2009 ). Upon release, we observed the accumulation of the GFP signal within the Golgi apparatus region and the appearance of a strong signal at the basolateral region of the polarized epithelia close to the microcarrier surface (see Fig. S3 and Supplementary Materials as well as Movies S6 and 7). Epithelial beads can be easily imaged
Adhesion
To investigate the limitations of our microcarrier based epithelia cell culture model we imaged MDCK beads using several microscopic modalities. First we imaged them using a simple widefield microscope ( Fig. 3a-f ). We could easily measure the cell perimeter and cell surface (Fig. 3a) , as well as followed cell division (Fig. 3b-f and Electronic Supplementary Material, Movie S3), which required confocal microscopy when using porous membrane growth conditions. Due to their transparency, the beads can be imaged on an upright as well as an inverted confocal microscope; this allows direct imaging of the beads using water lenses, limiting diffraction effects. We imaged by confocal microscopy a single bead (Fig. 3g-i) . In order to be able to fully image the epithelial beads we used LSFM as its multiview capability, rotatory stage and imaging system (CCD) is much faster compared to confocal microscopy (Huisken et al. 2004) . A single bead can be imaged fully in less than 10 min using four channels, while it takes up to 3 h for a half bead stack to be acquired in three channels on a confocal microscope. Improved resolution can also be achieved through the use of the multiview mode (4 views) (Fig. 4) . This necessitates a longer acquisition time (40 min) but allows for multiview image fusion and total bead imaging as well as removal of artefacts. a b c d e f g Fig. 2 The epithelia cells on microcarriers are polarized. a As observed by electron microscopy, MDCK-II cells on the bead (bottom) are elongated along their polarization axis as previously shown (von Bonsdorff et al. 1985) , with the basal membrane facing the bead surface and the apical side facing the culture medium. b Magnification of frame in Fig. 2a . The Golgi apparatus is asymmetrically positioned in between the nucleus and the apical membrane as well as the centrosome (c).
d Desmosomes can be observed close to the apical side and seal the epithelial monolayer. e Confocal microscopy, the cell monolayer is polarized as the Golgi apparatus (GM130, red) is positioned in between the cell nucleus (Hoechst, blue) and the plasma membrane (actin, green). f A single optical slice through the center of the microcarrier clearly displaying the polarization of the epithelia g Magnification of frame in Fig. 2f . Scale bars a 5 lm, b 1 lm, c and d 200 nm, e and f 20 lm, g 5 lm Studying EMT using epithelial beads
EMTs have been described primarily during embryonic development as well as in pathological situations such as tumor progression. During EMT, cells downregulate epithelial-specific proteins and induce the expression of mesenchymal proteins, losing the adherent and tight junctions that keep them in contact with their neighbors; breaking through the basal membrane and migrating over long distances owing to profound changes in their cytoskeleton architecture. We tested the possibility to investigate such a crucial process using our microcarrier system. We positioned a single epithelial bead on a glass coverslip and followed its behavior over time (Fig. 5a-d and Movie S4). The polarized cells on the bead attached to the glass surface and started to spread. This expansion was a linear process (Fig. 5e) . By confocal microscopy we could image the EMT process ( Fig. 5f and Electronic Supplementary Material, Movie S5). Cells at the center were elongated and showed an increased actin staining similar to a migrating cell phenotype (Fig. 5f ). In order to confirm this initial EMT observation we performed a simple EMT experiment. We assumed that cells growing on beads were mesenchymal in nature at the early growth stage and began to polarize and acquire their full epithelial potential over a 2 week culture period. We assumed that the EMT abilities of epithelial beads should decrease over time. Therefore, we repeated our EMT assay using epithelial beads of (Fig. 5g) . It was observed that EMT ability decreased as the epithelia beads aged and gained epithelial characteristics.
Studying an infection process using epithelial beads Epithelia are semi permeable barriers. They perform selective permeability tasks, absorption and secretion, but are also the first defense barrier of our bodies against bacteria and parasites. To address whether our epithelial beads can be used for infection assays we used the apicomplexan parasite Toxoplasma gondii as a model system and analyzed host cell invasion, intracellular replication and egress of polarized epithelial MDCK-II. Polarized filter grown MDCK monolayers are an established model for studying T. gondii transmigration (Taylor et al. 2006) . To test the feasibility of using our epithelial beads, we infected polarized MDCK-II cells with T. gondii constitutively expressing GFP and found effective invasion and growth of the parasite (Fig. 6 ). Intracellular T. gondii actively modulated the host cell, including its cytoskeleton (Laliberte and Carruthers 2008) . The ease of performing microscopic characterizations allowed us to follow the infection over time and to Fig. 4 Multiple-view imaging of a Cytodex microcarrrier using single plane illumiation Microscopy (SPIM). MDCK-II cells that stably express an E-cadherin EGFP construct were grown on a Cytodex 3 microcarrier for 2 weeks prior to imaging with the SPIM. The nuclei were stained with Draq5 (Biostatus), the cell borders and, thus, the location of the cells' outer plasma membrane are highlighted by the E-cadherin EGFP expression. The Cytodex bead was fixed in paraformaldehyde and then embedded in 1 % agarose in a capillary (inner diameter 1.1 mm). It was imaged using a 920 objective (Zeiss Achroplan; NA 0.5) along four angles (0°, 90°, 180°, and 270°). Each 3D stack of images consisted of 1033 images (z spacing, 0.32 lm). The complete multipi-view super set of images represented 4132 images (i.e., 1.1 GB). (Reprinted with permission from Reynaud et al. 2008) analyze the behavior of host cells. We found that during infection we did not observe a significant depolarization of the host cell, indicating that the parasite was not modulating the host cell in terms of polarization or its differentiation status. We also compared invasion efficiency and growth of the parasite between 2D cell culture and epithelial beads and did not find significant differences (data not shown).
In conclusion the epithelial microcarrier system, allows analysis of the infection rate, growth and possible host cell modifications of polarized epithelial cells.
Discussion
Cytodex 3 microcarriers promote epithelial differentiation
Cytodex 3 microcarriers have a number of properties which promote the development of a well differentiated physiologically relevant epithelial organoid. (1) They are coated with a layer of denatured type I collagen that is functionally similar to the basal lamella in epithelial tissue. Cells recognize and bind protein ligands present in the collagen network using transmembrane receptors such as integrins. The cells then build up a network of adherence proteins around these points of interaction with the substrate, which is followed by adhesion to other cells. This ensures tightly associated and well organized epithelia. (2) The collagen can sequester soluble substances such as growth factors present in the medium or released by cells and concentrate their effect locally on the tissue, as well as bind other extracellular matrix proteins produced by the attached cells (Griffith and Swartz 2006) . (3) The cross linked dextran core of Cytodex 3 is porous and promotes the creation of nutrient and signaling gradients which contributes to the polarization of the epithelia. This mechanism is similar in principle to porous membrane filters. (4) A sphere (cyst) is one of the basic architectural units of in vivo epithelial tissue (O'Brien et al. 2002) , culturing cells in the geometry of a sphere causes a distinct arrangement (Wozniak and Keely 2005) . Cells are able to apply force to and remodel the substrate, whereas attached substrates resist these forces. We believe these characteristics support the development of an efficient and predictive 3D epithelial tissue model.
Epithelial microcarriers: a predictive and efficient 3D model In this study we described a new technique for culturing epithelial cells on Cytodex 3 microcarriers which allows for comprehensive imaging with few limitations and the investigation of epithelial functions. The epithelial cells grown on such microcarriers displayed a similar polarized morphology and physiological attributes as cells conventionally grown on permeable membranes. Growing polarized epithelial cells on microcarrriers is a long established practice (Nilsson 1988) ; however, to date investigation of the polarized cells functionality has been limited to the application of biochemical assays (Ming et al. 2009 ) or electron microscopy (Malhi et al. 2002) . In this paper we took the unique approach of investigating the cells functionality from a cell biology perspective, using several light microscopy techniques in conjunction with subcellular markers to characterize the cells differentiated morphology. Cells formed a confluent polarized monolayer, developed apically located cell junctions, microvilli and cilia, in addition to having asymmetrically distributed intracellular structures (Golgi apparatus, centrosome). A major limitation of other polarized epithelial cell models (filters, cysts, spheroids and embryos) is their imaging. The porous membrane filter needs to be excised prior to imaging, leading to destruction of the permeable barrier and shearing of the cell monolayer. Cysts and embryos are usually distorted to improve imaging (coverslip pressure, mounting media) and can be difficult to mount due to their size and shape and presence of extracellular matrices. Additionally it is often impossible to apply drugs or agents to the apical membrane, as the lumen of a cyst is internal. The epithelia microcarriers overcome these problems. The system uses commercially available microcarriers (Cytodex 3) at a lower cost than porous membranes or extracellular matrices. Additionally, due to their size, the amount of antibody needed for immunofluorescence staining is lower (30 ll incubation volume). Reagents can be applied easily to the apical side of the epithelia, which we demonstrated using the parasitic organism T. gondii. The excreted components could also be analyzed by collection of the Cytodex well supernatant. Importantly this simple method can be used to grow various types of epithelial cells of different origins (kidney, lung, colon and liver).
Highly compatible with microscopic analysis
The epithelia beads can be easily mounted for use with most microscopes, requiring minimal manipulation other than direct transfer to a microscope grade glass coverslip. Microcarriers are also ideal for follow up experiments as no damaging or permanent mounting medium is required to image and they are resilient to shear stresses. We demonstrated this using widefield, confocal and LSFM time lapse imaging. LSFM technology (Reynaud et al. 2008; Huisken et al. 2004 ) has allowed us to rapidly image the entire epithelia at once, giving us access to larger amounts of cells and opening up the possibility to investigate the behavior of a single controlled and defined epithelia.
Studying epithelial functions using microcarriers
The importance of a model system is not only its price or robustness but also its ability to answer fundamental questions. EMT is an important stage during developmental processes (gastrulation) and pathological progression [metastasis (Acloque et al. 2009)] . So far investigations have been mainly restricted to 2D cell cultures and animal model systems (Radisky et al. 2005; Zhou et al. 2004 ). 2D cell culture provides a limited representation of a 3D process like EMT and animal models are expensive to maintain, can require extensive experimentation periods (e.g. mutant generation) and are difficult to image due to their size and heterogeneity. We were able to study the dynamics of the EMT process using epithelia beads, and found that cells that were allowed to differentiate for longer periods had a delayed EMT initiation (Fig. 5) . This technique can be extended to studying cell architecture changes in real time (Fig. 5) . In future cytodex EMT studies we plan on investigating the expression of structural proteins associated with epithelial (E-cadherin) and mesenchymal (vimentin) phenotypes. Interestingly, we observed that the migration process does not empty the bead but seems to form an ''Epithelial Cell Reservoir'' that continuously releases cells through an EMT process at the points of interaction between the bead and the coverslips. This characteristic is similar to a so-called ''stem cell niche'', where stem cells with limited division properties generate ''dividing cells'' that can repopulate or differentiate in a tissue repair context (Imitola et al. 2004) . Immortalized epithelial cells induced to enter EMT have been shown to express stem cell markers and possess other properties of stem cells (Mani et al. 2008) .
We believe a natural extension of these studies would be to conduct EMT blocking drug trials using epithelial microcarriers. Attempts at testing EMT blockers using 3D cultures have already shown that a more physiologically relevant microenvironment results in alterations to the levels of active compound required for inhibiting EMT (Aref et al. 2013) .
Epithelium is the ultimate barrier between the outside world and our body. Often, this single layer of epithelial cells must prevent the entry of bacteria, parasites and exogenous antigens while allowing absorption of essential nutrients. Additionally it must also initiate effective and appropriate immune responses when pathogens are present. Many parasite-host studies have to be performed on flat cell monolayers or on animals. There are a very limited number of models allowing full control of a complete epithelial tissue. Microcarriers provide a bridge for parasitic studies between in vivo models and cell monolayers. The established and stable number of cells per Cytodex, developed epithelial structure and imaging compatibility made them highly suitable for parasite-host studies. The possibility to grow various types of epithelia could promote a higher standard 3D cell culture model, using specific parasites and specific target epithelia. Furthermore, the capacity to keep epithelial Cytodex in culture for over a month without trypsinization results in a more differentiated physiologically realistic model.
Conclusion
We have developed an open static microcarrier culture system that produces individual epithelial microtissues with a reversed polarity displaying high levels of physiological relevance. It allows for easy observation and manipulation of samples at all stages of growth, is simple and robust, cost-effective and can be easily tailored to specific needs. Microcarriers represent a versatile model to study epithelial functions and events such as EMT, secretion, absorption and infections using highly defined epithelial micro-tissues that possess a 3D physiologically relevant geometry.
